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Introduction {#sec1}
============

Spatial and temporal organization of cellular signaling pathways heavily relies on compartmentalization. Structural surfaces for signal transduction can be formed by membranes, components of the cytoskeleton, membrane-surrounded organelles, or membrane-less organelles (MLOs). These MLOs occur in the cytoplasm and nucleoplasm of eukaryotic cells and have recently also been discovered in bacteria ([@bib80], [@bib10], [@bib1]). These liquid-like subcellular compartments are believed to be formed by phase separation ([@bib8]), a process that involves the spontaneous separation of a supersaturated solution into a dense and a dilute phase. The liquid-like nature of MLOs allows fusion and fission events and a dynamic exchange of components. MLOs comprise a variety of subcompartments including nucleoli, promyelocytic leukemia (PML) nuclear bodies, P bodies, and stress granules (SGs) ([@bib8], [@bib15], [@bib83]). The dense phase inside MLOs contains a high concentration of proteins, which may facilitate biochemical reactions and control signaling thresholds from these very crowded environments ([@bib8], [@bib26], [@bib86]). In addition, MLOs can act as dynamic buffers for RNAs and proteins. This buffering function also serves as a passive noise filter and thus reduces the inherent randomness of chemical reactions ([@bib73]). Different MLOs have a variety of functions ranging from the expression of rRNAs and pre-assembly of ribosomes (nucleoli) to the organization of the spindle apparatus (centrosomes) and mRNA splicing (splicing speckles) ([@bib6], [@bib9], [@bib10], [@bib32]). Aberrant forms of MLOs occur upon failure of the protein quality control system or by mutation of MLO-resident proteins, often causing age-related diseases such as amyotrophic lateral sclerosis, inclusion body myopathy, and frontotemporal dementia ([@bib30], [@bib46], [@bib65], [@bib78]). Furthermore, various viruses hijack MLO proteins to aid in their replication ([@bib19], [@bib51], [@bib53], [@bib66]). MLOs are dynamically formed by an interplay between RNA and intrinsically disordered proteins (IDPs) that typically harbor low-sequence-complexity domains enriched in polar side chains (Arg, Gln, Glu, Ser, Lys) or structure-breaking amino acids (Gly, Pro) ([@bib81]). The dynamic formation of MLOs can be regulated by post-translational modifications such as acetylation, SUMOylation, or phosphorylation ([@bib6], [@bib17], [@bib71], [@bib85]) or by environmental cues such as changes in temperature, pH, or osmolarity ([@bib80]). Interestingly, a small interfering RNA (siRNA) screen identified several kinases as regulators of MLO formation, including the Ser/Thr kinase TBK1 as a regulator of splicing speckles ([@bib5]).

TBK1 has been initially identified as a component of the antiviral response based on its ability to phosphorylate and thus activate IRF3 or IRF7 transcription factors, which in turn leads to inducible expression of type I interferons (IFN) ([@bib22], [@bib76]). TBK1, IRF3, and further components for induced type I IFN signaling are known to translocate to perinuclear punctate structures ([@bib72], [@bib75]). Recent years have witnessed the identification of many additional TBK1 functions, which range from regulation of mitotic microtubule dynamics to the regulation of tumor necrosis factor-induced cell death ([@bib38], [@bib60], [@bib87]). Furthermore, stress-regulated TBK1 functions comprise its role in autophagy, mitophagy, and xenophagy ([@bib29], [@bib61], [@bib84]). More recent evidence shows that TBK1 directly inhibits the AMP-activated protein kinase to increase energy storage and to repress respiration in adipose tissue, thus mediating a cross talk between immune signaling and metabolism ([@bib89]). Basal TBK1 signaling is also required for the development of KRAS-driven cancers ([@bib3]). Given the involvement of TBK1 in so many stress signaling pathways, TBK1 is a frequent target of viral proteins affecting its localization or protein-protein interactions ([@bib44], [@bib58]).

How can one single kinase such as TBK1 contribute to so many different signaling pathways? One possible answer to this conundrum might rely on the differential association of TBK1 to various adapter proteins, which co-determine its function ([@bib27]). These adapter proteins include SINTBAD (TBKBP1), TANK (I-TRAF), and AZI2 (NAP1) and serve to assist in substrate binding and also affect the subcellular localization of TBK1 ([@bib28]). Although the adapter proteins lack any intrinsic enzymatic activity, they can affect biological functions, as exemplified by AZI2- and SINTBAD-regulated intracellular xenophagy of *Salmonella* ([@bib79]). SINTBAD also facilitates activation of the autophagy-initiating kinase ULK1 to control interleukin (IL)-15-induced autophagy in natural killer T cells ([@bib90]).

Here we have studied the intracellular distribution of SINTBAD and found its stress-regulated incorporation into cytosolic speckles not corresponding to the known MLO members that were tested. Determination of the SINTBAD interactome allowed the identification of proteins contained in constitutive and inducible SINT-speckles or as regulators of this dynamic process. The formation of inducible SINT-speckles is inhibited by the constitutive chaperone activity of heat shock proteins (HSPs) and ULK1 signaling, whereas KAT2A (also referred to as GCN5) promotes SINT-speckle formation. The SINT-speckle components AZI2 and SINTBAD determine the threshold of TBK1 activation, which partially occurs within SINT-speckles. Knockdown of ULK1/2 was sufficient to trigger SINT-speckle formation, but interfered with focal TBK1 activation in a pathway-specific fashion.

Results {#sec2}
=======

Cell Stress Triggers the Formation of SINTBAD-Containing Speckles {#sec2.1}
-----------------------------------------------------------------

Many proteins participating in the induction of innate immune response signaling have a propensity to form inducible polymers or filaments, which show a reduced solubility in standard lysis buffers ([@bib16], [@bib59], [@bib82]). To test the possible impact of cellular stress on the solubility of SINTBAD, HeLa cells were exposed to heat shock for different periods, followed by fractionation into a cytosolic and a nuclear/insoluble fraction representing not only chromatin proteins but also poorly soluble or aggregated proteins. A western blot analysis revealed that treatment with heat shock triggered the time-dependent transition of SINTBAD from the soluble to the nuclear/insoluble fraction, whereas this dynamic redistribution between the fractions did not occur for the SINTBAD-related proteins AZI2 or TANK ([Figure 1](#fig1){ref-type="fig"}A). A similar inducible redistribution of SINTBAD also occurred in arsenite-treated 293T cells ([Figure 1](#fig1){ref-type="fig"}B), showing that various stressors can trigger the relocation of SINTBAD in different cell types. It was also interesting to test whether SINTBAD translocation to the insoluble fraction is also seen in response to further different stimuli representing inflammatory conditions or osmotic or proteotoxic stress. These results show that most adverse agents, with the exception of inflammatory stimuli, triggered translocation of SINTBAD to the nuclear/insoluble fraction ([Figure 1](#fig1){ref-type="fig"}C). This behavior was seen for the endogenous proteins and also for the adapter proteins when expressed at moderate levels ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B).Figure 1Stress-Inducible Formation of SINTBAD-Containing Speckles(A) HeLa cells were exposed for the indicated periods to heat shock, and cells were harvested and fractionated into cytosolic (cyto.) and nuclear/insoluble (nucl./insol.) extracts. Western blot was performed to detect the dynamic relocalization of the endogenous adapter proteins SINTBAD, AZI2, and TANK. The detection of phosphorylated ERK1/2 (T202/Y204), tubulin, and histone H3 serves as a control for the treatment, cytosolic, and nuclear/insoluble fraction, respectively. The positions of molecular weight markers are indicated.(B) 293T cells were treated with 0.5 mM arsenite for the indicated times and further analyzed as in (A).(C) Different cell lines were treated with various stressors; the exact conditions are indicated in the [Transparent Methods](#mmc1){ref-type="supplementary-material"} section. Following these stimulations, cells were fractionated into cytosolic and nuclear/insoluble extracts, followed by the analysis of SINTBAD translocation as described in (A and B). The occurrence of SINTBAD translocation to the nuclear/insoluble fraction is indicated by a +.(D) Double-deficient (sgAZI2/sgSINTBAD) U2OS cells stably expressing FLAG-SINTBAD or transfected to express moderate amounts of FLAG-AZI2 or FLAG-TANK were treated with arsenite (0.5 mM, 1 h) or heat shock (43°C, 1 h) and analyzed by indirect immunofluorescence using anti-FLAG antibodies. Nuclear DNA was stained with Hoechst; scale bars, 10 μm. The percentage of cells showing a localization as displayed in the figure is indicated.

To test whether the regulated solubility change of SINTBAD is associated with alterations of its intracellular distribution, immunofluorescence studies were performed in U2OS cells that are ideally suited and widely used for the characterization of subcellular compartmentation. In the absence of a commercial antibody faithfully detecting the endogenous SINTBAD protein in immunofluorescence studies, we generated SINTBAD-deficient U2OS cells by CRISPR/Cas9-mediated genome editing ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B) that were stably reconstituted to express moderate amounts of SINTBAD fused to an N-terminal FLAG tag. We created cell clones showing SINTBAD expression levels resembling the expression of the endogenous protein and showing dynamic relocalization to the insoluble fraction ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). These cells were used to investigate its distribution in cells exposed to arsenite, heat shock, sorbitol, or Earle\'s balanced salt solution (EBSS) starvation medium. Untreated control cells showed SINTBAD as a largely cytosolic protein, whereas the various cell stressors triggered the formation of speckles occurring mainly in the cytosol and to a minor extent in the nucleus ([Figures 1](#fig1){ref-type="fig"}D and [S4](#mmc1){ref-type="supplementary-material"}), reflecting the transition of SINTBAD from the cytosolic to the nuclear/insoluble fraction. Staining of FLAG-tagged TANK did not reveal any arsenite or heat shock-induced changes of its cytosolic localization, whereas AZI2 already showed a speckled distribution in unstressed cells that was not further influenced by the indicated stressors ([Figure 1](#fig1){ref-type="fig"}D).

It was then interesting to directly compare the intracellular colocalization of the three TBK1-binding adapter proteins in unstressed and stressed cells. Cell treatment with arsenite or thermal stress triggered the formation of speckles, whereas TANK remained largely cytosolic and showed only minor colocalization with focal SINTBAD ([Figure 2](#fig2){ref-type="fig"}A). The speckled localization of AZI2 in control and stress-exposed cells showed no significant overlap with TANK ([Figure 2](#fig2){ref-type="fig"}B). Interestingly, the coexpression of AZI2 and SINTBAD triggered the formation of speckles even in unstressed cells and displayed a very high degree of colocalization within these MLOs ([Figure 2](#fig2){ref-type="fig"}C).Figure 2Comparative Analysis of TBK1 Adapter Protein Localization in Control and Stress-Exposed Cells(A--C) U2OS cells were transfected to express moderate amounts of FLAG-TANK and hemagglutinin (HA)-SINTBAD (A), FLAG-AZI2 and Myc-TANK (B), or FLAG-AZI2 and HA-SINTBAD (C) as shown. Cells remained untreated or were exposed to arsenite or heat shock and subsequently analyzed by immunofluorescence with the indicated antibodies. Representative examples are shown, nuclear DNA was stained with Hoechst. Scale bars, 10 μm; the percentage of cells showing the displayed phenotype is indicated.

Speckle Formation of SINTBAD Is Antagonized by the Chaperone Activity of Heat Shock Proteins {#sec2.2}
--------------------------------------------------------------------------------------------

To test the reversibility of inducible speckle formation, cells were exposed to heat shock and then further grown at 37°C to follow the fate of speckles over time. The size and number of speckles decreased in a time-dependent manner, and speckles were not detectable after 3 h of cell recovery, as revealed by fluorescence microscopy ([Figure 3](#fig3){ref-type="fig"}A) and its quantitative analysis ([Figure 3](#fig3){ref-type="fig"}B). The resolution of speckles occurred also in the absence of *de novo* protein synthesis ([Figure S5](#mmc1){ref-type="supplementary-material"}A) and in the presence of different lysosome inhibitors ([Figure S5](#mmc1){ref-type="supplementary-material"}B), suggesting that lysosomal degradation and autophagic processes do not significantly contribute to this process. As chaperone function prevents aberrant phase transition of SGs ([@bib48]) it was interesting to test whether well-characterized inhibitors of HSP70 (VER155008, Pifithrin-μ) or HSP90 (geldanamycin, radicicol) affect SINTBAD localization ([@bib47], [@bib69]). Inhibition of HSP70 or HSP90 function resulted in the formation of speckles even in the absence of stress signals ([Figure 3](#fig3){ref-type="fig"}C), revealing the importance of continuous chaperone function for the cytosolic localization of SINTBAD. Coimmunoprecipitation experiments showed the interaction between SINTBAD and HSP70, which was impaired under thermal stress conditions ([Figure 3](#fig3){ref-type="fig"}D). The interaction between SINTBAD and HSP90 was only detectable after coexpression of TBK1 ([Figure 3](#fig3){ref-type="fig"}E), suggesting a rather indirect interaction that can be controlled by the relative abundance of the known HSP90 interactor TBK1 ([@bib88]) or that the interaction is phosphorylation dependent.Figure 3HSP-Mediated Chaperone Activity Is Required to Prevent SINTBAD Speckle Formation(A) Reconstituted U2OS cells stably expressing FLAG-SINTBAD were treated with heat shock to induce speckle formation and then placed back in an incubator at 37°C for different times to allow recovery from heat shock. Speckle formation of SINTBAD was analyzed by immunofluorescence microscopy. Scale bar, 10 μm; the percentage of cells (n = 100) showing the displayed phenotype is indicated.(B) SINTBAD distribution in (A) was quantified by analyzing 100 cells per condition.(C) U2OS cells stably expressing FLAG-SINTBAD were treated with the indicated chaperone inhibitors (40 μM Ver155008, 20 μM Pifithrin-μ, 5 μM geldanamycin, and 1 μM radicicol) for 2 h and then analyzed by immunofluorescence. Scale bar, 10 μm; the percentage of cells showing the displayed phenotype is indicated.(D) 293T cells were transfected to express FLAG-SINTBAD together with HA-HSP70. One day later, one cell dish was treated with heat shock as shown and cells were lysed. Lysates were split into two aliquots, one being used for immunoprecipitation (IP) using an anti-HA antibody. The other aliquot was used as an input control sample to ensure correct and comparable protein expression. The samples were further analyzed by western blot using appropriate antibodies as indicated.(E) 293T cells were transfected to express FLAG-HSP90 together with HA-SINTBAD or Myc-TBK1 as shown. IP was performed using anti-FLAG antibodies, followed by western blot analysis of the IP and input samples.

SINTBAD-Containing Speckles Show No Colocalization with Cellular Organelles or Known MLOs {#sec2.3}
-----------------------------------------------------------------------------------------

TBK1 and several of its interactors including optineurin and mitochondrial antiviral-signaling protein are known to be recruited to membrane-surrounded organelles such as mitochondria ([@bib21], [@bib52]) or upon RNA virus infection to the Golgi apparatus ([@bib63]). Thus, we asked whether SINTBAD would be found in association with these organelles. Costaining experiments with untreated and arsenite- or heat shock-treated cells showed significant colocalization neither with mitochondria ([Figure 4](#fig4){ref-type="fig"}A) nor with Golgi, lysosomes, peroxisomes, endosomes, or endoplasmic reticulum ([Figure S6](#mmc1){ref-type="supplementary-material"}). In addition, we costained speckles with marker proteins of several known MLOs. These experiments showed colocalization of speckles neither with the SG marker proteins eIF4G ([Figure 4](#fig4){ref-type="fig"}B) or Ras GTPase-activating protein-binding protein 1 (G3BP1) nor with the P body marker DCP1a ([Figures S7](#mmc1){ref-type="supplementary-material"}A and S7B).Figure 4SINTBAD Does Not Significantly Colocalize with Membrane-Surrounded Organelles or Stress Granules(A) U2OS cells stably expressing FLAG-SINTBAD were left untreated or exposed to arsenite or heat shock and costained with an antibody recognizing the mitochondrial marker AIFM1. A representative picture is shown. Scale bar, 10 μm.(B) The experiments were done as in (A) with the difference that antibodies detecting the stress granule marker eIF4G were used for costaining with FLAG-SINTBAD.

Identification of SINT-Speckles {#sec2.4}
-------------------------------

As none of these experiments related the SINTBAD-containing speckles to known subcellular structures, we aimed to identify the SINTBAD interactome by mass spectrometry. Cytosolic and nuclear/insoluble fractions were prepared from 293T cells, transfected with moderate levels of FLAG-tagged SINTBAD, followed by immunoprecipitation and identification of coprecipitating proteins by mass spectrometry as schematically shown in [Figure 5](#fig5){ref-type="fig"}A. For further bioinformatic analysis we considered proteins identified in two independent biological and technical replicates and defined high-confidence interactors by three different criteria as specified in detail in [Figure S8](#mmc1){ref-type="supplementary-material"}A. This analysis revealed 150 high-confidence SINTBAD interactors of which 27% were found in the cytosol, 58% in the nuclear/insoluble fraction, and 15% in both fractions. A list of the high-confidence interactors and the complete mass spectrometry dataset is given in [Table S1](#mmc2){ref-type="supplementary-material"}. To validate the interaction between SINTBAD and some of the interactors by an independent experimental approach we performed coimmunoprecipitation experiments. These experiments confirmed the results of the mass spectrometry analysis and are exemplified for the interaction of SINTBAD and the tyrosine phosphatase PTPN23 or the autophagy regulator AMBRA1 ([Figure 5](#fig5){ref-type="fig"}B). Also, binding of ABIN2 (A20-binding inhibitor of nuclear factor-κB activation 2, also referred to as TNIP2) to SINTBAD was confirmed, and mapping experiments revealed the importance of the N-terminal region of SINTBAD for this interaction ([Figure 5](#fig5){ref-type="fig"}C). Interestingly, expression of SINTBAD and all of its mutants led to an increase in ABIN2 protein levels by an unknown mechanism. The other tested interactions are listed in [Table S1](#mmc2){ref-type="supplementary-material"}. The identified interacting proteins are known to serve various biological functions, as displayed in [Figure 5](#fig5){ref-type="fig"}D. While the biggest group is represented by enzymes and regulators of metabolic processes, two very prominent groups represent proteins with relevance in membrane trafficking or autophagy and also mitosis and cytoskeleton dynamics. The two smallest groups are represented by regulators of innate immunity and proteins mediating transcription, probably assisting in expression of inflammatory gene expression. To test whether mutual interactions have already been described for some of the SINTBAD-interacting proteins, we analyzed the interactors in the STRING database. This analysis revealed the existence of known protein interaction networks between the 150 proteins, as visualized in [Figure 5](#fig5){ref-type="fig"}E. We then compared the intracellular localization of SINTBAD with that of some of its interacting proteins. These experiments revealed that some of the proteins such as PTPN23 exactly mirrored the behavior of SINTBAD, as shown in [Figure 5](#fig5){ref-type="fig"}F. PTPN23 localizes in the cytosol of control cells and forms speckles after induction of cell stress. Costaining with SINTBAD revealed a complete colocalization in speckles after treatment with heat shock ([Figure 5](#fig5){ref-type="fig"}F) or arsenite ([Figure S8](#mmc1){ref-type="supplementary-material"}B), confirming PTPN23 as a bona fide constituent of speckles. According to the ability of SINTBAD to bind and colocalize with further proteins we term these speckles inducible SINT-speckles.Figure 5Characterization of the SINTBAD Interactome and Identification of SINT-Speckles(A) Schematic display of the experimental setup used to identify SINTBAD-interacting proteins from cytosolic and nuclear/insoluble fractions.(B) 293T cells were transfected to express hemagglutinin (HA)-SINTBAD along with GFP-AMBRA1 or GFP-PTPN23. One day later, immunoprecipitation (IP) was performed using GFP-Trap beads. IP and input samples were further analyzed by western blot using appropriate antibodies as indicated.(C) An expression plasmid encoding HA-tagged ABIN2 was transfected into 293T cells together with various FLAG-SINTBAD truncation mutants (ΔN1: 106--615 amino acid \[aa\], ΔN2: 165--615 aa, ΔC: 1--520 aa). After IP, samples were analyzed by western blot as shown.(D) Known functions of the respective SINTBAD interactors were retrieved from databases and Pubmed searches. Proteins were assigned to the functional groups as displayed; proteins with several functions are found in more than one group. Only the five largest functional groups (\>10 proteins per group) are shown.(E) Visualization of interacting protein networks in the SINTBAD interactome using the STRING database (Version 11.0). Line thickness indicates the strength of data support. SINTBAD (TBKBP1) is highlighted in dark green and written in bold. Proteins that were tested for their interaction with SINTBAD by co-IP (data not shown) are marked in green or red, indicating a confirmed or unconfirmed interaction, respectively.(F) U2OS cells were transfected to express the SINTBAD interactor PTPN23 alone and were left untreated or exposed to heat shock, followed by the analysis of GFP-PTPN23 localization by fluorescence microscopy. In addition, cells cotransfected to express GFP-PTPN23 and FLAG-SINTBAD were treated the same way. A representative experiment is shown. Scale bar, 10 μm; the percentage of cells showing the displayed phenotype is indicated. The right part schematically summarizes the intracellular localization of the proteins.

Regulation of SINT-Speckle Formation by KAT2A and ULK1/2 {#sec2.5}
--------------------------------------------------------

Further costaining experiments revealed that some interactors can trigger the formation of SINT-speckles even in unstressed cells. An example of such a positive regulator is the lysine acetyltransferase KAT2A. Expression of this predominantly nuclear protein triggered the formation of SINT-speckles even in unstressed cells and also increased the fraction of nuclear speckles ([Figure 6](#fig6){ref-type="fig"}A). Another interactor triggering the formation of SINT-speckles was ABIN2, as its expression resulted in SINT-speckle formation even in unstressed cells ([Figure 6](#fig6){ref-type="fig"}B). The dominant effect of ABIN2 also occurred for PTPN23 ([Figure 6](#fig6){ref-type="fig"}B, lower) and resembles that of AZI2, which was sufficient to trigger incorporation of SINTBAD into speckles (see [Figure 2](#fig2){ref-type="fig"}C). Accordingly, AZI2 and ABIN2 always occurred in speckles when expressed either alone ([Figures 1](#fig1){ref-type="fig"}D and [6](#fig6){ref-type="fig"}B) or together ([Figure S9](#mmc1){ref-type="supplementary-material"}). Thus, AZI2 and ABIN2 are components of constitutive SINT-speckles already occurring in unstressed cells. These proteins function as positive regulators of SINT-speckle formation, whereas expression of the already known SINTBAD interactor ULK1 ([@bib89]) revealed its inhibitory function for the incorporation of SINTBAD into SINT-speckles in control and heat shock- ([Figure 6](#fig6){ref-type="fig"}C) as well as in arsenite-treated cells ([Figure S10](#mmc1){ref-type="supplementary-material"}). A kinase-inactive ULK1 K46I point mutant ([@bib12]), in contrast to the ULK1 wild-type, formed speckles upon cellular stress when expressed alone ([Figure 6](#fig6){ref-type="fig"}D). Coexpression of the kinase-inactive mutant with SINTBAD resulted in the formation of SINT-speckles even in unstressed cells, emphasizing the importance of ULK1 kinase activity for controlling SINT-speckle formation. To determine the consequences of ULK knockdown on SINT-speckle formation we interfered with the expression of ULK1 and also ULK2, as both kinases can have redundant functions ([@bib40], [@bib42]). Loss of both kinases already triggered the formation of SINT-speckles even in unstressed cells ([Figure 6](#fig6){ref-type="fig"}E), supporting the finding that constitutive ULK signaling is important for restriction of SINT-speckle formation. These kinase-dependent regulatory processes could enable regulation of SINT-speckle formation, as MLOs are highly dynamic and their formation is typically also regulated during the cell cycle ([@bib64]). This also applies to SINT-speckles, which do not occur in unstressed or stressed mitotic cells ([Figure 6](#fig6){ref-type="fig"}F).Figure 6Characterization and Regulation of SINT-Speckles(A) U2OS cells were transfected to express the SINTBAD interactor KAT2A alone and were left untreated or exposed to heat shock, followed by the analysis of FLAG-KAT2A localization by fluorescence microscopy. In addition, cells cotransfected to express FLAG-KAT2A and hemagglutinin (HA)-SINTBAD were treated the same way. Scale bar, 10 μm. The right part schematically summarizes the intracellular localization of the proteins.(B) Upper: The experiment was done as in (A) with the difference that HA-ABIN2 was expressed either alone or together with FLAG-SINTBAD as shown. Lower: Cells were cotransfected to express GFP-PTPN23 and HA-ABIN2, followed by exposure to heat shock and the analysis of colocalization by immunofluorescence as shown. Scale bars, 10 μm.(C) U2OS cells were transfected to express HA-ULK1 alone or together with FLAG-SINTBAD. Cells were left untreated or exposed to heat shock, stained, and analyzed by fluorescence microscopy. Scale bars, 10 μm. The right part schematically summarizes the results.(D) The experiment was performed as in (A), except that a kinase-inactive HA-ULK1-K46I mutant was transfected into U2OS cells.(E) Reconstituted SINTBAD-deficient U2OS cells were treated for three days with siRNAs specifically targeting ULK1 and ULK2 or alternatively with a control siRNA. Cells were then analyzed by fluorescence microscopy for the intracellular distribution of SINTBAD as shown. Scale bars, 10 μm.(F) Reconstituted SINTBAD-deficient U2OS cells were exposed to arsenite or heat shock, and FLAG-SINTBAD was costained with antibodies against phosphorylated TBK1 (S172) as a centrosome marker ([@bib60]). The DNA was stained with Hoechst, and only mitotic cells were analyzed. Scale bars, 5 μm.

SINT-Speckle Components Control the Amplitude and Localization of Activated TBK1 {#sec2.6}
--------------------------------------------------------------------------------

As expression of ULK1 can trigger TBK1 phosphorylation ([@bib89]), we tested the effect of ULK1 expression on the localization of phosphorylated TBK1. ULK1-expressing cells lacked any areas with focal TBK1 phosphorylation, as the activated kinase was found in the cytosol ([Figure 7](#fig7){ref-type="fig"}A), revealing that ULK1 can control the distribution of phosphorylated TBK1. To test whether loss of ULK1 and ULK2 affects TBK1 phosphorylation in response to thermal stress, the expression of both kinases was downregulated with specific siRNAs ([Figure S11](#mmc1){ref-type="supplementary-material"}). Immunofluorescence analysis of control cells revealed the heat shock-activated TBK1 in focal structures mainly in the nucleus with a partial overlap with cytosolic SINT-speckles. Downregulation of ULK1/2 largely inhibited the heat shock-induced phosphorylation of TBK1 ([Figure 7](#fig7){ref-type="fig"}B), suggesting an important contribution of these kinases for this activation pathway. In contrast, arsenite-induced TBK1 phosphorylation was not changed by ULK1/2 knockdown and occurred to a significant part in SINT-speckles ([Figure 7](#fig7){ref-type="fig"}B), showing that the ULK kinases control phosphorylation of TBK1 in a pathway-specific manner.Figure 7Regulation of TBK1 Phosphorylation by Inducible SINT-Speckles(A) U2OS cells were transfected to express hemagglutinin (HA)-ULK1 and stained for the localization of HA-ULK1 and phosphorylated TBK1 (S172) as shown.(B) U2OS cells stably expressing FLAG-SINTBAD were treated for 3 days with siRNAs specifically targeting ULK1 and ULK2 or alternatively with a scrambled siRNA (siSCR). Cells were left untreated or exposed to arsenite or heat shock and analyzed by immunofluorescence microscopy for the intracellular distribution of SINTBAD and phosphorylated TBK1 with specific antibodies. Areas of colocalization are shown by arrows. Scale bar, 10 μm; the percentage of cells showing the displayed phenotype is given.(C) U2OS cells stably expressing FLAG-SINTBAD were treated with arsenite or heat shock and stained for the intracellular localization of SINTBAD and TBK1 with specific antibodies. Scale bar, 10 μm; the percentage of cells showing the displayed phenotype is given.(D) U2OS wild-type (WT) cells and two U2OS cell clones (DKO \#1 and \#2) lacking SINTBAD and AZI2 expression due to CRISPR/Cas9-mediated gene editing were treated for the indicated periods with 0.5 mM arsenite. Phosphorylation of TBK1 and MAP kinases (p38, ERK1/2) was determined by immunoblotting with phospho-specific antibodies as shown, to ensure successful cell stimulation. The position of a non-specific band is indicated by an asterisk.(E) 293T cells were transfected to express HA-tagged ULK1 WT along with FLAG-tagged SINTBAD or AZI2 as shown. After 1 day cell lysates were prepared and analyzed by immunoblotting for the phosphorylation of TBK1.

It was then interesting to test whether cell stress also leads to changes in the intracellular distribution of TBK1. Treatment with arsenite or heat shock resulted in a partial recruitment of TBK1 to SINT-speckles ([Figure 7](#fig7){ref-type="fig"}C), suggesting that this previously identified interaction ([@bib70]) also occurs in MLOs. To investigate a possible contribution of SINTBAD for the activation of TBK1, SINTBAD and AZI2 double-deficient U2OS cells were treated for various periods with arsenite and TBK1 activation was assessed with a phospho-specific antibody by immunoblotting. Knockout of SINTBAD alone had no effect (data not shown), whereas cells lacking SINTBAD and AZI2 ([Figure S2](#mmc1){ref-type="supplementary-material"}) showed reduced TBK1 phosphorylation ([Figure 7](#fig7){ref-type="fig"}D). To investigate the contribution of SINTBAD and AZI2 for ULK1-induced TBK1 phosphorylation by an independent experimental approach, cells were transfected to express ULK1 together with SINTBAD and/or AZI2. Immunoblotting revealed that ULK1-triggered TBK1 phosphorylation was further enhanced by SINTBAD and AZI2 ([Figure 7](#fig7){ref-type="fig"}E), corroborating the finding that both adaptor proteins contribute to control of the TBK1 activation threshold.

A Fraction of Phlebovirus Non-structural Protein S Associates with SINT-Speckles {#sec2.7}
--------------------------------------------------------------------------------

The severe fever thrombocytopenia syndrome phlebovirus non-structural protein S (NSs) targets the ABIN2/p105 complex to activate proviral signaling cascades ([@bib14]). As ABIN2 is a core component of SINT-speckles it was interesting to investigate whether the NSs protein also can be recruited to these MLOs. Immunofluorescence analysis not only confirmed the described cytosolic localization of NSs ([@bib14]) but also revealed a fraction of NSs in colocalization with ABIN2 ([Figure 8](#fig8){ref-type="fig"}A). Induction of cell stress by arsenite or heat shock resulted in an increased recruitment of NSs to SINT-speckles ([Figure 8](#fig8){ref-type="fig"}A). The expression of NSs also increased UKL1-induced TBK1 phosphorylation ([Figure 8](#fig8){ref-type="fig"}B). In summary, these data show that a virus-encoded protein affecting cellular signaling pathways such as NSs can inducibly associate with SINT-speckles.Figure 8The Phlebovirus NSs Protein Inducibly Translocates to SINT-Speckles and Enhances ULK1-Triggered TBK1 Phosphorylation(A) U2OS cells were transfected to express hemagglutinin (HA)-ABIN2 together with FLAG-NSs, treated with arsenite or heat shock as shown, and analyzed by indirect immunofluorescence. A representative experiment is shown; nuclear DNA was stained with Hoechst. Scale bars, 10 μm; the percentage of cells showing the displayed phenotype is indicated.(B) 293T cells were transfected to express HA-ULK1 and FLAG-NSs. Total cell lysates were analyzed by immunoblotting for the phosphorylation of TBK1 (S172) as shown.

Discussion {#sec3}
==========

SINT-Speckles {#sec3.1}
-------------

Here we identified the stress-induced translocation of SINTBAD to SINT-speckles, as revealed by immunofluorescence and cell fractionation experiments. These SINT-speckles form a subcellular compartment with no significant overlap to other characterized MLOs ([@bib15]). SINTBAD contains two low-complexity domains containing 12.9% Gln (residues 106--346) and 27.7% Pro (residues 340--535). Core components of constitutive SINT-speckles such as ABIN2 and AZI2, and also the inducible interactor SINTBAD, are predicted to harbor long intrinsically disordered regions ([Figure 9](#fig9){ref-type="fig"}A, [Table S1](#mmc2){ref-type="supplementary-material"}), which are typical for MLO-resident proteins ([@bib20], [@bib56], [@bib81]). Accordingly, about one-third of the SINT-speckle proteins (47 from 150) are predicted to have \>40% disordered regions ([Table S1](#mmc2){ref-type="supplementary-material"}). The mechanisms controlling the formation of constitutive SINT-speckles are not known and might involve post-translational modifications such as ULK1/2-mediated phosphorylation. Another possible mechanism could involve the bridging of two ABIN2 dimers by binding to M1-linked tri-ubiquitin chains, which might facilitate ABIN2 assembly to higher-order signaling complexes ([@bib43]). Also, changes in the relative expression levels of ABIN2 speckle components affect the formation of these MLOs, explaining the abundant finding that expression of a given protein such as ABIN2 or AZI2 can affect the intracellular localization of its interactors. This behavior is characteristic for MLO formation, and accordingly, also overexpression of SG components such as TIA1 or G3BP1 is sufficient to trigger formation of SGs ([@bib35]). This implies that physiological variations in the amounts of SINT-speckle proteins can already affect speckle formation. Regulation of ABIN2 protein levels occurs in the presence of increased glucose levels or by the kinases TPL2 or IKKα/β ([@bib13], [@bib41], [@bib54]), and it will thus be interesting to investigate whether these situations will affect the formation of SINT-speckles. The formation of inducible SINT-speckles is regulated by several mechanisms, as schematically shown in [Figure 9](#fig9){ref-type="fig"}B. SINT-speckle formation is triggered by the acetyltransferase KAT2A. A recent study showed the relevance of acetylation of low-complexity domains for the formation of SGs ([@bib71]), and it will be interesting to investigate whether the enzymatic activity of KAT2A contributes to its ability to promote inducible SINT-speckle formation. Formation of inducible SINT-speckles is antagonized by the kinase activity of its component ULK1, raising the possibility of an autoregulatory control of speckle homeostasis. Interestingly, a recent study showed that, vice versa, SINTBAD is required for ULK1 phosphorylation occurring during the cell type-specific induction of autophagy ([@bib90]), suggesting a mutual cross talk between these SINT-speckle components. Depletion of ULK1/2 leads to the formation of SINT-speckles in unstimulated cells. As expression of a kinase-inactive ULK1 mutant results in the spontaneous formation of SINT-speckles it is reasonable to assume an important contribution of the kinase function for this process. Also, other protein kinases function to restrict the formation of MLOs. The related kinases HIPK1 and HIPK2 decrease the size and number of PML-NBs during the cell cycle ([@bib5]), and active DYRK3 facilitates the dissolution of several types of MLOs during mitosis ([@bib64]). Kinase-dependent mechanisms might also contribute to the elimination of SINT-speckles during mitosis, a process that is accompanied by massive SINTBAD phosphorylation ([Figures S12](#mmc1){ref-type="supplementary-material"}A and S12B). MLO composition can be modulated in response to stress ([@bib9], [@bib18]), and accordingly this study reveals the recruitment of SINTBAD to SINT-speckles in response to a variety of cell stresses or after inhibition of the chaperone function of HSPs. Heat shock-induced speckle incorporation of SINTBAD can probably also be explained by the temperature-regulated SINTBAD-HSP70 interaction. The relevance of HSP70 was also shown for the prevention of aberrant SG formation ([@bib48]), and it will be interesting to reveal whether HSPs play a general role in the control of MLO integrity, as recently implicated by the analysis of the cellular chaperone network ([@bib67]). This study revealed the existence of a large functional chaperone supercomplex and its preferential interaction with proteins forming foci or condensates under stress conditions.Figure 9Potential Mechanisms Allowing Formation of SINT-Speckles(A) The amino acid sequences of the indicated proteins were analyzed by the PONDR VSL2 and VL3 prediction tools for the identification of unstructured regions, which are highlighted by bold bars.(B) Schematic model summarizing the regulatory events allowing assembly and disassembly of inducible SINT-speckles.

Possible Functions of Inducible SINT-Speckles {#sec3.2}
---------------------------------------------

SINTBAD together with AZI2 controls the threshold of TBK1 phosphorylation, as revealed by loss-of-function and gain-of-function experiments. Active and phosphorylated TBK1 in arsenite-treated cells was largely occurring in the cytosol and showed considerable colocalization with SINT-speckles. In contrast, heat shock-induced TBK1 phosphorylation was mainly nuclear and showed only a partial overlap with SINT-speckles. These differential intracellular localizations together with their distinct dependency on upstream UKL1/2 signals suggest that several pathways lead to TBK1 phosphorylation. Thus it is conceivable that SINT-speckles serve as sites of TBK1 phosphorylation in a stimulus- and context-specific manner. The occurrence of phosphorylated TBK1 in SINT-speckles and also outside from these MLOs can be explained by the fact that only a fraction of TBK1 is found in SINT-speckles at a given time point. A further possible explanation is derived from the mechanism of TBK1 activation, where the initial activation of the kinase leads to rapid interdimer trans-autophosphorylation of its activation loop ([@bib45]). This implies that after primary activation of the kinase (probably facilitated by the high local protein density in SINT-speckles) active TBK1 can rapidly spread to create high local concentrations at substrate sides. This local enrichment of phosphorylated TBK1 is frequently seen by immunofluorescence and can occur in diverse subcellular localizations ([@bib50], [@bib63]). The localization of TBK1 is also controlled by differential interaction with adaptor proteins including SINTBAD, TANK, and AZI2, which compete for binding to a C-terminal interaction domain in TBK1 ([@bib27]). Contrary to the initial assumption that the TBK1 adaptor proteins control the antiviral function of the kinase, recent publications have shown their dispensability for IRF3 activation ([@bib21]).

Further possible functions of inducible SINT-speckles might be derived from a set of SINTBAD interactors, which fall into several categories (see [Figure 5](#fig5){ref-type="fig"}D). The smallest group of SINTBAD interactors comprises the expected group of innate immune regulators, but interestingly the largest group is formed by enzymes and regulators of cell metabolic pathways controlling glucose phosphorylation, pyruvate decarboxylation, fatty acid synthesis, and amino acid metabolism. This might indicate a role of SINT-speckles in metabolic regulation as a mediator of the cross talk between innate immunity and metabolism ([@bib31], [@bib33], [@bib34]). Interestingly, the ULK kinases have also been implicated in the regulation of glucose metabolic fluxes ([@bib42]) and lipid metabolism ([@bib68]). In addition, metabolic processes co-determine effector functions and cell fate decisions of cells from the innate and adaptive immune systems ([@bib24], [@bib57]). Vice versa, immunomodulatory signals such as cytokines directly regulate metabolic hormones or pathways ([@bib37], [@bib49]). The second largest group is formed by proteins involved in vesicle trafficking and autophagy, which is consistent with a previous study identifying ABIN2 as a hub protein binding to components of the endosomal sorting complex ([@bib2]). This set of interactors might be also relevant for the recently uncovered role of SINTBAD as a regulator of IL-15-induced autophagy ([@bib90]), adding to the emerging role of innate immune signaling proteins such as TBK1 and TRAF6 for the formation of autophagosomes ([@bib55], [@bib61], [@bib77], [@bib79]). The third largest group of the SINTBAD interactome comprises regulators of mitosis and components of the cytoskeleton, in line with previous reports, documenting a function of TBK1 as a centrosome-associated regulator of mitotic microtubule dynamics ([@bib60], [@bib36]). Although this study focuses on the identification and cell biological characterization of SINT-speckles, future studies must comprehensively characterize the function(s) of constitutive and inducible SINT-speckles.

SINT-speckles might also be of pathophysiological relevance in virus infections or protein aggregation diseases. This study shows that a significant fraction of the phlebovirus NSs protein colocalize with ABIN2. It will be interesting to investigate the functional consequences of this association as well as the molecular mechanisms leading to this interaction, as the NSs protein is a structured protein ([@bib4]). ABIN2 is also bound by the rabies virus-encoded M protein, which in turn controls the expression of inflammatory target genes ([@bib7]), and also other components of SINT-speckles assigned to the functional group "inflammation and infection" (see [Figure 5](#fig5){ref-type="fig"}D) is targeted by viruses or involved in the antiviral response ([@bib74]). Another possible pathophysiological scenario is due to the function of MLOs as signaling hubs in a crowded microenvironment, which can come at the cost of unwanted protein aggregation. Interestingly, partial loss of TBK1 causes protein misfolding diseases, namely, familial amyotrophic lateral sclerosis and frontotemporal dementia ([@bib23], [@bib25]). Also, mutations in TBK1 and its substrate protein optineurin contribute to frontotemporal lobar degeneration ([@bib39], [@bib62]). This disease is also associated with an elevated SINTBAD expression ([@bib11]), and it will be very interesting to reveal in future studies whether the formation and function of SINT-speckles is affected in neurodegenerative diseases.

Limitations of the Study {#sec3.3}
------------------------

In the present study we define components of constitutive and inducible SINT-speckles and reveal their regulation by ULK1/2, HSPs, and KAT2A. However, we have not identified all biological functions exerted by this dynamically regulated protein assembly.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods and Figures S1--S13Table S1. The SINTBAD Interactome, Related to Figure 5
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